basic tool-kit to survive phagocytic attacks by environmental predators.
48

Introduction
The core response of C. albicans, C. parapsilosis, and C. glabrata to the presence of P. 140 aurantium 141 A principal component analysis was used to determine the dynamic variations in the 142 orthologous DEGs. For C. glabrata, the expression of orthologous genes in response to 143 amoeba predation was clearly distinguishable from C. parapsilosis and C. albicans, and also 144 showed less variation between the different time points (Fig. 1C and the cluster dendrogram 145 in Fig. S2 ). Although more than 1,200 genes were activated in C. glabrata overall, only 4 % 146 of the differentially expressed orthologs were unique to the first time-point at 30 min. These 147 numbers clearly differed for C. parapsilosis (15 %) and C. ablicans (18 %), and thus, 148 displayed more variance over time. For these two, it was also evident that their transcriptional 149 profiles at 30 and 60 min clustered closer together than with any time-point from C. glabrata. 150 To identify a common responsive gene set of all three fungi, we compared the differential 151 expression among all their orthologues (DEOs). Of the overall 3,735 orthologous genes 152 among the three species, differential expression was found for 2,201 genes at either one of the 153 two later time points (Fig. 1D ). Reflecting the diverse interaction patterns of the three species, 154 only 79 orthologous genes were differentially regulated in all three Candida species, 155 representing the core response to the presence of P. aurantium (Fig. 1D ). Among those, 48 156 genes were commonly induced and eight genes were commonly repressed in all three species The corresponding sets of genes were further analyzed for shared GO terms in biological 171 processes (Dataset S3). Commonly enriched categories included the sulfur amino acid 172 metabolic process (GO:0000096) comprising genes such as SAM2, MET3, ECM17 (MET5), 173 MET15, and MET16; all playing a role in the metabolism of methionine. A plethora of genes, 174 predicted to be involved in organo-nitrogen compound biosynthetic process (GO:1901566) 175 such as the amino acid biosynthesis enzymes ILV2 and ARG8, a P-type calcium-transporting 176 ATPase encoded by SPF1, or genes with role in fatty acid beta-oxidation (GO:0006635) like 177 ANT1, FOX2 or POX1-3, were commonly induced as well. The most highly enriched GO term was found to be "negative regulation of helicase activity" comprising three MCM genes: 179 CDC54 (MCM4), CDC46 (MCM5), and MCM3; all known to be a part of 180 necessary for unwinding the DNA double helix and triggering fork progression during DNA 181 replication (33). 182 Noteworthy is the induction of the DUR1,2 gene in all three species, encoding the urea 183 amidolyase and previously shown to be important for the survival of C. albicans in 184 macrophages (34). No GO category was found to be enriched within the eight commonly 185 downregulated genes. Nevertheless, three out of eight genes, namely OLE1, SCT2 and AUR1, 186 function in lipid biosynthetic processes and most probably play an important role in the 187 integrity of the cell membrane. Interestingly, GO enrichment analysis revealed the "glycolytic 188 process through fructose-6-phosphate" (GO:0061615) as a highly overrepresented category 189 within the oppositely regulated set of genes; all genes annotated to this category, namely 190 TPI1, PFK1 and PFK2, were downregulated in C. albicans and C. parapsilosis, while in C. 191 glabrata they showed an increase in transcript level. 194 Of all three species, C. parapsilosis represented the preferential food source for P. 195 aurantium and thus, we conducted a deeper characterization of the 1255 DEGs (667 genes 196 with log2FC ≥ 1.5, and 588 genes with log2FC ≤ -1.5) from C. parapsilosis using the GO
P. aurantium predation targets copper and redox homeostasis in C. parapsilosis
197
Slim tool which maps DEGs to more general terms and broad categories (35). Most genes 198 were uncharacterized, could not be categorized and were involved in unknown biological 199 processes or mapped to "regulation" as a general category. These were not further analyzed.
200
"Transport" and "stress response" were the two most frequent biological processes and were 201 further selected to search for more specific categories (Fig. 3) . The "extra-nuclear transport of 202 ribonucleoproteins" was highly enriched, as could be expected from the results obtained from 203 the general enrichment analysis for C. parapsilosis. We further found the transport of 204 transition metal ions to be overrepresented with several genes encoding orthologous proteins 205 for the transport of Fe and Zn being differentially regulated in response to P. aurantium 206 (Tables S1 and S2). were categorized according to GO SLIM processes. (B) Genes mapped to the GO SLIM categories 211
"transport" and "response to stress" were further analyzed for more specific GO Terms. Categories 212 with the highest enrichment (top 7 for "transport" and top 5 for "response to stress") are displayed as a 213
2D dot plot for the number of genes in the respective cluster and fold enrichment (p-value <0.005).
215
Two Cu transporters were among the most strongly differentially regulated genes in C. 216 parapsilosis (Table 1) . The most upregulated gene upon amoeba predation (log 2 FC of approx. 217 9 at 30 min and 8 at 60 min) was found to be CPAR2_203720. This gene is an orthologue to 218 of C. albicans CRP1 (orf19.4784), encoding a copper-transporting P1-type ATPase, which 219 mediates Cu resistance and is induced by high Cu concentrations (36).
220
Interestingly, CPAR2_602990, an orthologue of C. albicans CTR1 (orf19.3646) with copper 221 importing activity was the second most downregulated gene at 30 min (log 2 FC = -9.8) and no 222 reads for this gene were detected after 60 minutes in our RNA sequencing data (Table 1, "-223 Inf"). Four other genes annotated as Cu transporters were also repressed at both time points. The differential expression of these genes was validated by quantitative real-time PCR and we 236 further tested for whether they would also respond to phagocytosis by primary human was measured at high Cu concentration. It is noteworthy that differences in the expression 246 levels for both genes, CpCRP1 and CpCTR1, were more pronounced during encounters with 247 P. aurantium than with macrophages or the metal itself. C. parapsilosis is exposed to ROS during phagocytosis by P. aurantium 275 The oxidative burst leading to production of ROS occurs frequently when phagocytes the presence of amoebae and reached a maximum after 10 min of co-incubation ( Fig. 5A ).
282
Fluorescence microscopy of single cells of P. aurantium using either DHE or the alternative 283 ROS sensor CellROX ® Deep Red further revealed that ROS production was locally specific to 284 P. aurantium actively feeding on C. parapsilosis ( Fig. 5B ), suggesting that yeast cells are 285 exposed to increased levels of ROS upon phagocytic processing in P. aurantium. The expression profile and its similarity to its orthologue in C. albicans suggested a role for 298 Crp1 of C. parapsilosis in detoxification of high Cu levels. Deleting CpCRP1 (∆/∆crp1) 299 displayed no apparent growth defect in SD medium at 30°C and the mutant strain tolerated 300 even high concentrations of Cu above 1 mM. Its sensitivity towards this transition metal 301 changed dramatically when cells were exposed to a more acidic pH on solid or in liquid media 302 ( Fig. 6) . At a pH of 3, CpCRP1 proved to be important for growth at Cu concentrations 303 between 500 and 1000 µM, indicating that the function of Crp1p could be crucial under the 304 acidic conditions of the phagolysosome. Student's t-test between the values obtained for the Δ/Δcrp1 strain and the wild type ( * * * , p < 0.001).
314
We also addressed the antioxidant function of PRX1 in C. parapsilosis, by subjecting a 315 homozygous mutant (Δ/Δprx1) to oxidative stress delivered by hydrogen peroxide (H 2 O 2 ) and 316 tert-butyl hydroperoxide (t-bOOH). The sensitivity of the mutant towards H 2 O 2 was nearly 317 indistinguishable from the wild type and the organic peroxide had only a mild effect on the 318 growth of Δ/Δprx1 on solid medium supplemented with adenine, uracil, and 9 amino acids 319 ( Fig. 7A) . However, the impact of oxidative stress was more severe when these supplements 320 were omitted from the medium. Under these conditions, growth in liquid medium was 321 significantly reduced for Δ/Δprx1 even in the absence of an external stressor (Fig. 7B ). When 322 using 11 selective dropouts, each one lacking a singlecomponent, we found that a lack of 323 methionine was responsible for the growth defect of Δ/Δprx1. The omission of methionine 324 from the normal medium, in combination with the organic peroxide affected the wild type and 325 the mutant strains to similar extents (Fig. 7C) . Both CRP1 and PRX1 are widely conserved across the Candida clade, including several 339 species without any record as commensals or pathogens (Fig. S3 ). To test whether these two 340 genes contribute to the defense against an environmental predator, the deletion mutants for 341 CRP1 and PRX1 were confronted with P. aurantium. Both mutants showed decreased 342 survival in comparison to the wild type after 3 hours of co-incubation ( Fig. 8A ). As we 343 hypothesized that both mechanisms for stress defence could also contribute to survival when 344 encountering human innate immune cells, we performed another co-incubation assay with 345 primary macrophages. Both Δ/Δcrp1 and Δ/Δprx1 displayed reduced survival when 346 confronted with MDMs ( Fig. 8B) , indicating that these genes not only mediate resistance to 347 copper and oxidative stress during predation by amoeba but could also play a role during 348 immune evasion in a human host. The arms race between phagocytic predators and their microbial prey is thought to have 362 shaped virulence determinants of bacteria and fungi (21, 38). Amoebae are predominant 363 environmental micro-predators, but only a few of them have been described to actively feed 364 on fungi (39-41). Such a fungivorous lifestyle has been described for Protostelium 365 mycophagum, the type species for the polyphyletic group of protosteloid amoebae that form 366 microscopic, stalked fruiting bodies from single cells and are found on nearly all continents 367 (42-45). We have recently isolated and characterized a strain of P. aurantium (formerly 368 known as Planoprotostelium aurantium), which was found to selectively recognize, kill, and 369 feed on a wide range of ascomycete and basidiomycete yeasts, including major human 370 pathogens of the Candida clade (32). C. parapsilosis acted as a preferred food source, while 371 C. albicans was found to be protected from initial recognition by an extensive coat of 372 mannoproteins, and C. glabrata showed delayed processing after ingestion. A similar survival 373 strategy seems to rescue C. glabrata when encountering macrophages. Here, its ability to 374 persist and even replicate inside the phagocyte has been well documented and characterized to 375 the level of single genes (15, 16, 46). A functional genomic approach identified 23 genes in C. 376 glabrata which were critically involved in the survival of macrophage phagocytosis (47) .
377
When comparing this set of 23 genes to all genes expressed during predation by P. aurantium, 378 we found 7 genes to be highly upregulated (log 2 FC >1.5) at both time points. The three most 379 upregulated genes with a log 2 FC of more than 2 were CgGNT1 (CAGL0I09922g), CgOST6 380 (CAGL0G07040g), and CgPMT2 (CAGL0J08734g); all involved either in cell wall 381 modification or protein glycosylation.
382
All these genes share orthologues with the other two Candida species, but when confronted 383 with P. aurantium, only PMT2 was upregulated in C. parapsilosis and even more so in -1 receptor (52, 53) . The fact that mannan biosynthesis was 395 upregulated in C. albicans is in agreement with the previous finding that mannosidase-treated 396 cells were internalized more frequently by P. aurantium (32).
397
The different interaction patterns of the three yeasts were partially reflected throughout the 398 transcriptome of their orthologous genes. Although, a large gene set was induced in C. CaSUR7 was observed at both time points after confrontation with the amoeba, its putative C. 429 parapsilosis orthologue (CPAR2_602600) showed higher expression after one hour of co-430 incubation with P. aurantium. Also, for C. glabrata which seems to lack a CRP1 orthologue, 431 CgSUR7 (CAGL0L01551g) was highly induced at both time points. At least some of the toxic 432 effects of Cu could well be inflicted via Fenton-type chemistry with ROS, which were 433 actively produced in feeding P. aurantium. Their impact on the yeast would likely be further 434 aggravated by the downregulation of nearly all SODs, as seen for C. parapsilosis, and, to a 435 lesser degree, also for C. albicans during confrontation with the predator. At least for C. 436 albicans it is well known that it can adapt the expression of its SOD genes according to the 437 availability of the metal cofactors (61), thus high levels of copper and ROS, as seen here, 438 should activate the expression of genes encoding the SOD of the Cu/Zn type. However, these 439 genes in particular are severely repressed in C. albicans and C. parapsilosis (Table S3) , 440 suggesting that the predator could interfere with the normal response to ROS via a yet 441 unknown mechanism.
443
The one-cysteine peroxiredoxin PRX1 was among the very few oxidative stress genes which 444 expression was increased in C. parapsilosis. Its orthologous gene was also upregulated during 445 in C. albicans during co-incubation with macrophages (62). We found that an essential 446 cellular function of PRX1 is tightly linked to a lack of methionine. Intriguingly, among the 447 only 48 commonly upregulated genes in all three Candida species, 5 are involved in the 448 metabolism of sulfur-containing amino acids (ECM17, MET15, MET16, MET3, SAM2). For 449 all five genes, the induction was lowest for C. glabrata. Amino acid deprivation, and more 450 specifically a limitation in methionine, also occurs in the phagolysosome of neutrophilic 451 granulocytes (63, 64). Sensitivity to ROS is phenotypically well established for the 452 methionine biosynthesis pathway in baker's yeast, as mutants lacking either SOD1 or its 453 chaperone CCS1 were unable to grow in normoxic environments due to a methionine 454 auxotrophic phenotype (65, 66).
456
In conclusion, our results indicate that the fungivorous feeding by the predator P. aurantium 457 activates the fungal Cu and redox homeostasis which is essential to shield methionine 458 biosynthesis from oxidative inactivation. After millions of years of coevolution of amoebae 459 and fungi, it is well conceivable that such basic molecular tools for resistance against 460 environmental phagocytes proved to be valuable for survival in phagocytic cells of higher 461 eukaryotes, like humans and mammals.
462
Material and Methods
extractions of RNA were performed with acidic phenol:chloroform (5:1) shaking at 1,500 rpm 497 at 65°C for 30 min in a thermoblock. Afterwards, samples were frozen at -80°C for 30 min, 498 centrifuged at 10,000 g for 15 min for phase separation. Samples underwent two more 499 extractions using phenol:chloroform (5:1) and chloroform:isoamyl alcohol (24:1). Total RNA Differential gene expression between time points was analyzed with EdgeR (70). A list of all 532 differentially expressed genes is provided as Dataset S1. All sequencing data is available from 533 the GEO repository under the accession number GSE116535. The Venn diagram was 534 computed using the package "VennDiagram" from the statistical programming language R.
535
The genes in all areas of the Venn diagram are listed in Dataset S4. The PCA was conducted 536 using the method "prcomp" from the "stats" package of R. Table S5 . 568 Target genes were deleted from the leucine and histidine auxotrophic parental strain 569 CLIB2014 using a fusion PCR method described previously (72) and adapted to C. 570 parapsilosis (73). All primer sequences and target genes are listed in Table S5 
Construction of gene deletions and complementations in C. parapsilosis
583
To generate complemented strains, the neutral locus NEUT5L was targeted as described in 584 (74). The promoter-OR-terminator regions were amplified from the CLIB214 parental strain 585 using specific rec_F/R primers listed in Table S5 . The dominant nourseothricin resistance 586 marker NAT1, and a modified sequence of C. parapsilosis NEUT5L locus, were amplified 587 from plasmid pDEST_TDH3_NAT_CpNEUT5L_NheI using Clon_F/Clon_R primers. The 5' 
597
Chemical transformation of C. parapsilosis 599 Overnight cultures of C. parapsilosis leu2Δ/his1Δ were diluted to an OD 600 of 0.2 in YPD 600 media and grown at 30°C/180 rpm to an OD 600 of 1. The culture was harvested by 601 centrifugation at 4,000 g for 5 min and the pellet was suspended in 3 ml of ice-cold water.
602
After collecting the cells, the pellet was resuspended in 1 ml of TE with LiAc (0.1 M lithium 603 acetate, 10 mM Tris-HCl, 1 mM EDTA, pH 7.5), followed by centrifugation for 30 s at supplemented with essential amino acids, and either histidine or leucine to obtain 613 heterozygous mutant strains. To select for homozygous mutant, histidine and leucine were 614 omitted from the medium. Selective plates were incubated for two days at 30°C. To select for 615 complemented strains, cells were plated on YPD agar with 100 µg ml -1 of nourseothricin.
617
Sensitivity assays 618 Yeasts were grown overnight in YPD at 30°C/180 rpm, harvested by centrifugation at 10,000 619 g for 1 min, and washed twice with PBS. For droplet assays, cells were diluted to the 620 concentration of 5x10 7 ml -1 and 5 µl of serial 10-fold dilutions were dropped on agar plates.
621
To determine the MIC 50 of Cu, 2.5x10 4 cells were seeded in a 96 well plate with malt extract 
